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Introduction
The reactivity of metallacarboranes with organic molecules to give polyhedral clusters that feature metal-carbon bonds has been well studied. 1 In contrast, the organometallic chemistry of metallaboranes and metallaheteroboranes (containing p-block elements other than carbon in the cluster framework) has been less well developed. 2 There is a great potential for novel chemistry in this area that may be developed by a combination of the (oxidative and coordinative) flexibility of transition metal centres together with the capability of boron-based clusters to exhibit redox flexibility in their classical closo-nido-arachno-hypho structural transformation. 3 In other words, the synergic cooperation between a metal centre and a (hetero)borane fragment can open new opportunities for bond activation and catalysis.
In the context of organometallic chemistry and catalysis based on metallaheteroboranes, we have focused our work on the 11-vertex rhodathiaborane, [8, ) 2 -nido-8,7-RhSB 9 H 10 ] (1). 4 This polyhedral compound exhibits two principal points of reactivity: the metal centre and an adjacent B-H unit on the pentagonal face (Scheme 1). Reactions with monodentate phosphines led to the formation of metal-ligand-substitution products, [8, )(PPh 3 )-nido-8,7-RhSB 9 H 10 ], as well as compounds resulting from the substitution of the PPh 3 ligands and the addition of a third phosphine at the metal centre, [8, 8, ) 3 -nido-8,7-RhSB 9 H 10 ] (Scheme 1). 5 Alternatively, the treatment of 1 with pyridine affords a hydridorhodathiaborane, [8,8,8- (H)(PPh 3 ) 2 -9-(NC 5 H 5 )-nido-8,7-RhSB 9 H 9 ] (2), in which the pyridine ligand binds to boron-9 adjacent to the metal on the pentagonal face (Scheme 1).
nido transformations 6b,7 , (iii) oxidative addition of sp CH bonds, 10 (iv) In these reactions, the clusters exhibit metal-borane collaboration through structural transformations that lead to metal-ligand hapticity changes. In other words, these NC 5 H 5 -ligated rhodathiaboranes combine the flexibility of the {Rh(PPh 3 ) 2 }-centre with the capability of the 11-vertex {RhSB 9 }-cage to exhibit redox flexibility through closo-nido structural transformations.
This metal / borane synergy has resulted in the development of new stoichiometric cycles. 6, 12 Based on the results summarized above, we logically aimed to change the pyridine substituent at the boron vertices. Herein, we report the reactions of the parent rhodathiaborane, 1, with the methylpyridine isomers (picolines), 2-Me-NC 5 H 4 , 3-Me-NC 5 H 4 and 4-Me-NC 5 H 4 . The new picoline-ligated clusters are compared with their pyridine counterparts, in order to find trends and differences within this unique series of polyhedral clusters. In addition, the reactivity of these rhodathiaboranes has been studied with as focus on hydrogen loss, and on their reactions with ethylene and CO.
Results and Discussion
Synthesis and characterization of picoline-ligated 11-vertex rhodathiaboranes
Reaction of compound 1 with excess of 2-picoline afforded a mixture containing the hydridorhodathiaboranes, [8,8,8-(H) (PPh 3 ) 2 -9-(2-Me-NC 5 H 4 )-nido-8,7-RhSB 9 H 9 ] (3) and [1,1- (PPh 3 ) 2 -3-(2-Me-NC 5 H 4 )-isonido-1,2-RhSB 9 H 8 ]. The latter compound is the result of 2-picolinecage substitution and dihydrogen loss (vide infra), affording a cluster with a closo / isonidoelectron count.
Under the same conditions, the reaction of 1 with 3-or 4-picoline afforded good yields of airstable red solids that were characterized as the hydridorhodathiaboranes, [8,8,8-(H) (PPh 3 ) 2 -9-(3-Me-NC 5 H 4 )-nido-8,7-RhSB 9 H 9 ] (4) and [8,8,8-(H) (PPh 3 ) 2 -9-(4-Me-NC 5 H 4 )-nido-8,7-RhSB 9 H 9 ] (5); mirroring the results previously obtained with pyridine (Scheme 2).
Scheme 2 Synthesis of hydridorhodathiaboranes.
Figure 1 Molecular structure of 4.
Only the ipso-carbon atoms on the phenyl groups are included to aid clarity. Ellipsoids are shown at 50 % probability levels.
The three new hydridorhodathiaboranes, 3-5, have been characterized by multielement NMR spectroscopy. In addition, the molecular structures of the 3-and 4-picoline-ligated compounds have been determined by X-ray diffraction analysis. The structures are based on an 11-vertex nido-{RhSB 9 } skeleton that can be formally derived from an icosahedron by the removal of a vertex. The pentagonal face is made up by a {Rh(H)(PPh 3 )} group, a sulfur vertex, two BH units and a boron vertex substituted by an N-heterocyclic ligand ( Figure 1 ). In addition, there is a bridging hydrogen atom along the B(9)-B(10) edge. The same structural motifs are found in the pyridine-ligated analogues, [8,8,8-(H) (2) or PMePh 2 (6) ( Table 1) . [5] [6] 9 Compounds 2-6 are 13 skeletal electron pair clusters (sep) that conform to Wade's rules. 3a This fact contrasts with the precursor 1 that has 12 sep, typical of a closo / isonido cage, but exhibits an 11-vertex nido-structure. This discrepancy between skeletal electron pairs and structure has been dealt with previously in detail.
13 Table 1 gathers selected distances and angles for compounds 2, 4, 5 and 6. Overall, there are no substantial differences between intramolecular distances and angles in these series of hydridorhodathiaboranes. It is noteworthy, however, that the 3-picoline derivative, 4, exhibits the longest RhP distance at 2.3752(8) Å, perhaps due to steric interactions between the methyl group at the position 3 in N-heterocyclic ring and the bulky PPh 3 ligands. In all the clusters but 5, the longest RhP distance corresponds to the phosphine ligand that is trans to boron-9, substituted with the pyridinic ligand, suggesting a stronger structural trans-influence than the B(3)B(4) edge to which the other phosphine, P(2), lies trans. The shorter RhP distances found in the bis-PMePh 2 derivative, 6, agree well with the fact that methyldiphenylphosphine is a better -donor ligand than PPh 3 .
It is well known that the boron vertices of metal-face-bound carborane ligands have a larger trans influence than the cage carbon atoms. 14 This fact is important because implies that the most stable metal-to-carborane exo-polyhedral ligand orientation is that in which the strongest structural trans-effect ligands on the metal lie effectively trans to the carbon atoms. This may be extended to metallathiaboranes where the metal-bound sulfur atom also have a lower trans influence than the boron atoms in the face of the metal-to-thiborane linkage. Thus, in the hydridorhodathiaboranes 2-6, the hydride ligand lies trans to the sulfur vertex. The same kind of exo-polyhedral ligand control has been observed in other metallathiaboranes that bear hydride ligands. 15 Moreover, in some 11-vertex nido-rhodathiaboranes, it has been calculated that a metal-thiaborane interaction change from a sulfur-metal-hydride trans-arrangement to a boronmetal-hydride trans-configuration can have an energy cost as high as 12 kcal/mol. 12, 16 Figure 2 Representation of the 11 B NMR spectra of 2-4 and 7. Hatched lines connect equivalent positions. Assignments made based on DFT-calculations. 11 B and 1 H NMR data for compounds 3-5 are listed in Table 2 ; and Figure 2 compares the 11 B spectra of the 2-and 3-picoline-ligated clusters, 3 and 4, with those of the previously reported pyridine analogues, 2 and [8,8,8-(H) in agreement with an asymmetric molecular structure in solution. The spectra between the clusters are remarkably similar, with the only noticeable deviation corresponding to the B (10) resonance of the 2-picoline derivative, which is deshielded by about 4 ppm from the general trend ( Figure 2 ).
The 1 H-{ 11 B} NMR spectra of 3-5 show a broad singlet and an apparent quartet in the high-field region, assigned to the B(9)B(10) bridging hydrogen atom and to the RhH hydride ligand, respectively. Thus, these spectroscopic data can be taken as diagnostic for the formation of these 11-vertex nido-hydridorhodathiaboranes. In this regard, it is interesting to note that the B(9)HB(10) bridging proton resonance of the 2-picoline derivative ( H -0.95 ppm) features a significant shift towards low frequency from the mean value of  H -1.28 ppm that has been found in the series of picoline-ligated nido-clusters reported here, as well as the previously reported hydridorhodathiaborane counterparts of general formulation, [8,8,8-(H) The lower conformational freedom of the 2-picoline substituent around the B(3)N bond compared to the pyridine, 3-and 4-picolines may be the cause of the shift to higher frequency of the B(9)HB(10) bridging proton resonance.
The 31 P-{ 1 H} spectra of 3-5 exhibit two doublet of doublets at low temperature, the signal at the highest frequency being significantly broader. This latter resonance broadens and shifts to lowfrequency as the temperature increases, whereas the low-frequency signal moves slightly to higher frequency. This variable temperature NMR behavior is illustrated in Figure S1 for compound 5: from low to high temperatures, the two resonances broaden and cross each other.
Similar changes were first reported for the pyridine analogue 2.
6a
It has been proposed that the temperature-dependent broadening in the 31 P-{ 1 H} spectra of pyridine-ligated hydridorhothiaboranes, [8,8,8-(H) (PR 3 ) 2 -9-(NC 5 H 5 )-nido-RhSB 9 H 9 ], may arise mainly from the effects of "thermal decoupling" on the boron nuclei, 17 together with the dissociation of the phosphine ligand trans to B (9) . 6b,9 On this rationale, the broader peak at high frequency in this new family of 11-vertex hydrido-ligated clusters may be assigned to the phosphine ligand that is trans to the picoline-substituted boron vertex at the 9-position. Scheme 3 Reactivity of 2-5: thermal dehydrogenation, and reactions with C 2 H 4 .
Studies of reactivity
The picoline-ligated rhodathiaboranes, 2-5, react with ethylene to give the corresponding closo -15) . In these reactions, we have also observed formation of ethane.
The 
The reactivity of compounds 2 and 3 has been also explored with other alkenes. Thus, the pyridine-ligated cluster, 2, reacts slowly with propylene at room temperature, and, after four days of stirring, the result is a mixture that contains propane together with the starting reagent, 2 (35%) and its dehydrogenation product, 8 (65 %). The reaction with 1-hexene, after three days, afforded 1-hexene (75%), 2-hexene (17%), 3-hexene (7%) and 1-hexane (1%). Under the same conditions, compound 2 did not react with cyclohexene.
In the case of the 2-picoline analogue, 3, in one hour the reaction with propylene affords the bis-(PPh 3 ) closo-derivative, 9, and formation of propane. Reaction with 1-hexene, after one day, gave a mixture composed of 1-hexene (63%), 2-hexene (34%), and 1-hexane (3%).
Moreover, 3 reacted with cyclohexene to give 2 % of cyclohexane after one day. These results demonstrate that the 2-picoline derivative 3 is more reactive with alkenes that the pyridine analogue, 2, and that the reaction products are the result of the hydrogenation and isomerization of the double bonds (in the case of 1-hexene).
In a similar fashion to the reactions with ethylene, the treatment of these pyridine and picolineligated hydridorhodathiaboranes, 2-5, with carbon monoxide affords the products of hydrogen loss and PPh 3 substitution, [1, NMR spectra corresponding to the pyridine derivative, 8, and the 2-picoline derivatives, 9, 13 and 17, is depicted in Figure 3 . The patterns are very similar within this series of 11-vertex closo / isonido-clusters, suggesting that changes between the exo-polyheral ligands, either at the metal or at the boron vertex, do not substantially affect the overall shielding of the boron cage nuclei. Hatched lines connect equivalent positions. Assignments based on DFT GIAO calculations. data, and they follow the experimental trend. Decreasing CO frequency is an accepted measure of increasing negative charge buildup on the metal centre. Hence, it appears that the substitution of the boron-3 with the N-heterocyclic ligands studied herein does not lead to a significant charge difference at the metal centre. 14 The 2-picoline-ligated cluster, 9, has been characterized by X-ray crystallography (Figure 4 ). (21) . At first sight, the structures all look like 11-vertex closo-clusters based on an octadecahedron. It should be noted that the clusters exhibit long Rh (1)B (5) distances close to 2.5 Å, which is the upper limit normally considered as bonding. In the case of compound 8, this distance at 2.562(6) Å is outside this limit. This elongation results in the formation of a pseudo-square open face that is a structural feature common in closo- 11-vertex clusters, 19 which represent intermediates along the structural continuum from closo to nido.
16,20
Figure 4 Molecular structure of [1,1- 
. Only the ipso-carbon atoms on the phenyl groups are included to aid clarity. Ellipsoids are shown at 50 % probability levels.
Reactions with CO at low temperatures. In the previous section, it was mentioned that the reaction of 11-vertex rhodathiaboranes with carbon monoxide affords the products of dihydrogen loss and the substitution of one of the PPh 3 ligands by CO. These reactions are quantitative when carried out at room temperature for periods in the order of hours. However, short reaction times and low temperature NMR studies have allowed the characterization of intermediates that provide new insights dealing with the mechanism of hydrogen loss from these clusters. These results are, therefore, relevant to the reverse reaction: the addition of H 2 to some 11-vertex isonido-rhodathiaboranes. 6a,7 The following paragraphs describe these results.
Carbon monoxide was bubbled for 2 minutes through a CD 2 Cl 2 solution of the 2-picolineligated hydridorhodathiaborane, 3, in a 5 mm NMR tube at room temperature, and the resulting reaction mixture was then studied by variable temperature (VT) multielement NMR spectroscopy, starting at low temperatures. At -50 ºC, the 31 P-{ 1 H} spectrum shows a sharp doublet at  P +35.0 ppm and a very broad peak at  P +33.8 ppm, together with free PPh 3 and small amounts of O=PPh 3 . Interestingly, at 0 ºC, the broad signal sharpens and shifts towards higher frequency to became a doublet that overlaps the highest intensity doublet ( Figure S2 ). Similarly, the reaction mixtures resulting from the bubbling of CO for several minutes through CD 2 Cl 2 solutions of the hydridorhodathiaboranes, 2, 4 and 5, at room temperature, were studied by VT NMR spectroscopy starting at low temperature. For the three systems, the 31 P-{ 1 H} NMR spectra at -50 °C exhibit three doublets at around +36.5, +34.5 and +29.2 ppm. In the three samples studied, the highest intensity signal corresponds to the peak close to +34 ppm, whereas the doublet at highest field exhibits the lowest intensity ( Figure 6 ). The Figure 6 31 P-{ 1 H} NMR spectrum in CD 2 Cl 2 of compound 5 after treatment with CO at 223 K.
The 1 H-{ 11 B} NMR spectra of the pyridine, 3-and 4-picoline-ligated systems with CO each show two broad singlets at ca.  H -3.0 and -4.5 ppm and a sharp doublet at ca. -11.5 ppm ( Figure   7 ). This pattern resembles the 1 H-{ 11 B} spectra discussed above for the 2-picoline system ( Figure   S3 ), and, following the same rationale, the broad resonances can therefore be assigned to BHB bridging hydrogen atoms and the low frequency doublet to a RhH hydride ligand.
It should be noted that, in the 1 H-{ 11 B} spectra of the pyridine, and 3-and 4-picoline ligated species, there are two new low-intensity peaks: one at around  H -1.7 ppm and the other at around -11.0 ppm (green squares in Figures 7, 8, S5 and S6) . These signals may be attributed to a BHB bridging hydrogen atom and a hydride ligand of a new isomer that is not observed in the reaction with the 2-picoline-ligated derivative, 3.
For the three systems formed upon treatment of 2, 4 and 5, with CO, the small intensity peaks (green squares) disappear as the temperature increases, whereas the two resonances at around  H -3.0 and -4.5 ppm broaden and coalesce into a broad peak ( Figure 7 ). This VT NMR behavior clearly contrasts with the 2-picoline derivative described earlier where, as the temperature increases, the rearrangement process involves the hydride ligand and one of the BHB hydrogen atoms ( Figure 5 and S3). The peaks labelled with the blue squares correspond to the starting reactant, 5.
For the 2-picoline system, a [ Stereochemical non-rigidiy. The observations described above permit us to conclude that the reactions with CO lead to the formation of the substitution products, [8, 8, The data demonstrate the formation of two new species in the 2-picoline reaction system upon the treatment with CO, whereas, for the pyridine, 3-and 4-picoline-containing clusters, there are clearly three new compounds. These species are stable at low temperatures, but at room and higher temperatures they undergo hydrogen loss and a consequent nido-to-closo (or isonido)
cluster structural transformation. The VT NMR data show that the intermediates interconvert.
More specifically, it may be proposed that these labile rhodathiaboranes are isomers that exhibit different {Rh(CO)(H)(PPh 3 )}-to-{picoline). In other words, the substitution of a PPh 3 ligand by a CO appears to enhance the stereochemical non-rigidity of the metal-thiaborane linkage, favouring isomerization processes.
The NMR data show that two of the three isomers detected in the reactions of CO with 2, 4 and 5, are very similar to the two species detected in the system with the 2-picoline counterpart, 3
( Figure S3 Figure 7) . However, the interconversions between the species appear to be different.
A priory, these findings may be rationalized in terms of the different steric requirements of the 2-picoline substituent compared to pyridine, 3-picoline and 4-picoline resulting in different energy barriers for the transition states of the structural rearrangement processes together with stabilization of the products.
DFT study. In order to attain more insight into the fluxional and exchange processes involved in the compounds reported here, we carried out Density Functional Theory (DFT) calculations on model structures. The PPh 3 ligands were replaced by PH 3 to reduce calculational time.
Thus, DFT-calculations [8, 8, (H)(PH 3 )-9-(NC 5 H 5 )-nido-8,7-RhSB 9 H 9 ] (2a) and [8,8,8- (CO)(H)(PH 3 )-9-(2-Me-NC 5 H 4 )-nido-8,7-RhSB 9 H 9 ] (3a) demonstrate that, of the six possible spatial combinations of the ligands around the metal centre, the most stable is that in which the hydride lies trans to the sulphur vertex, the CO ligand trans to the B(3)B(4) edge and the PH 3 group occupies a position trans to the B(9) vertex ( Figure 9 ). The pyridine and 2-picoline isomers, 2a_1-2a_6 and 3a_1-3a_6, follow the same relative energy trend.
It is interesting to note that, for the 2-picoline-ligated isomers, the conformers in which the methyl group is adjacent to the pentagonal open face of the cluster are more stable than those in which this substituent is orientated towards the B(1) vertex. In some of the 2-picoline-ligated isomers, a conformational change around the NB (9) bond has an energy penalty as large as 5.5
kcal/mol (see Figure S14 ). It has been previously demonstrated that substitution reactions of 2 with monodentate phosphines follow dissociative mechanisms, the dissociation of the PPh 3 ligand trans to the B(9) vertex being more favoured. 9 It is reasonable to expect, therefore, that the treatment of 2 and 3 with CO under the conditions described above (short reaction times and low temperatures) is more likely to result in the substitution of the PPh 3 trans to the B(9) vertex. Under this assumption, the PH 3 -models, 2a_2 and 3a_2 would correspond to the kinetic reaction products; whereas the isomers, 2a_1 and 3a_1 would be the thermodynamic products ( Figure 9 ).
Following this analysis, we can conclude that the major intermediate (red squares signals in
Figures 5-8) is more likely to be the isomer with a metal-to-thiaborane configuration that resembles that in 2a_2 and 3a_2 (Figure 9) . A pseudo-rotation of the {Rh(H)(CO)(PPh 3 )} group relative to the  4 -{SB 9 H 9 (L)} moiety can afford different metal-to-thiaborane configurations that can account for the intermediates that are observed by NMR at low temperatures.
A clockwise {Rh(H)(CO)(PH 3 )}-to- 4 -{SB 9 H 9 (L)} rotation in the isomers, 2a_1, 2a_2, 3a_1 and 3a_2, results in the formation of the corresponding isomers, 2a_6, 2a_5, 3a_6 and 3a_5. These intermediates (RhH hydride trans to boron vertices) exhibit higher energies than the parent isomers [RhH hydride trans to S (7)]. However, this type of metal-thiaborane pseudo-rotation draws the B (9)B (10) (11) and B (9)Rh (8) edges.
Regarding the second major intermediate (purple squares in Figures 5-8 ), this species does not feature a RhH hydride ligand and therefore, the DFT-calculated isomers depicted in Figure 9 do not provide reasonable models that could account for the structure of this second derivative.
Consequently, in the search for other plausible intermediates, we carried out DFT-calculations using as starting points isomers with bridging hydrogen atoms along the Rh (8)B (9) and B(10)B (11) edges of the pentagonal face. The optimizations gave isomers, 2a_7, 2a_8, 3a_7
and 3a_8, of lower energy than the hydride-ligated clusters (Figures 9 and 10 ). On these calculated PH 3 models, one hydrogen atom occupies a position along the Rh (8)B (9) propose that the second major isomer is a cluster that exhibits a nuclear configuration similar to that of the models, 2a_7, 2a_8, 3a_7 and 3a_8, and that the two hydrogen atoms on the pentagonal face undergo fast exchange at both low and high temperatures, rendering both protons indistinguishable on the NMR time scale (purple squares in Figures 5-8 ). Related to this process is, for example, the low-energy barrier tautomerism of the endo / bridging H atoms in [B 11 H 14 ] -.
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In view of these DFT-results, it may be proposed that the hydride-ligated isomers found in the pyridine, 3-and 4-picoline systems, model 2a_2, interconvert with the second major isomers, model 2a_7, at higher temperatures (Scheme 6). Under the same conditions, the 2-picolineligated analogues do not undergo significant interconversion. However, as indicated above, the hydride-ligated species, represented by 3a_2, undergo intramolecular exchange between the RhH hydride ligand and the BHB bridging hydrogen atom, most probably through metal-thiaborane pseudo-rotations that bring the two hydrogen atoms closer, as suggested in the isomer 3a_5.
Scheme 6 Proposed tautomerization processes in CO-ligated rhodathiaboranes preceding H 2 loss.
The different behaviour in the interconversion of the CO-ligated pyridine, 3-and 4-picoline isomers versus the CO-ligated 2-picoline counterparts suggests that the rearrangement processes involved in the proposed 2a_2↔2a_5↔2a_7 tautomerizations, (Scheme 6) have lower energy barriers for the pyridine, 3-picoline and 4-picoline-ligated clusters than for the 2-picoline analogues. However, the exchange of the hydride ligand and the BHB bridging hydrogen atom, which should involve cluster rearrangements of the type, 2a_2↔2a_5 and 3a_2↔3a_5, is favoured in the 2-picoline-ligated isomers, probably because the energy barrier between the hydride species, 3a_5, and the other isomer, 3a_7, is higher than in the pyridine, 3-and 4-picoline derivatives (Scheme 6).
It should be noted that a related mechanism of hydrogen M-H / B-H-M exchange, involving key M-({Os(H) 2 (PPh 3 ) 2 } fragments exo-polyhedrically linked to 11-vertex nido-carborane ligands, [7-R-7,9-C 2 B 9 H 9 ] 2-, via B-H two B-H-Os bonds. 22 It is worth mentioning that the Rh(H)(CO)(L)}-to-η 4 {SB 9 H 9 (L)} pseudo-rotations described earlier are related to the well known rotational twisting of exo-polyhedral metal-containing fragments bound through (BH) n -M interactions to nido-carboranes. 23 In addition, the flexibility of heteroboranes as face-bound ligands is well documented in, for example, metallacarboranes and metallathiaboranes. 24 In the case of 11-vertex rhodathiaboranes, the parent cluster 1 undergoes an interesting fluxional process that involves a hindered rotation with respect the {SB 9 H 10 } fragment. 4 Recently, we have proved that the introduction of carbenes as exopolyhedral ligands or protonation of the clusters results in an enhancement of the non-rigidity in the metal-to-thiaborane linkage, opening new ways of fluxional and exchange processes. [7] [8] 11 The CO ligand appears to induce an analogous lability in the meta-thiaborane connection.
Conclusions
It has been shown that the previously reported reaction between the rhodathiaborane [8,8- (PPh 3 ) 2 -nido-8,7-RhSB 9 H 10 ] (1) and pyridine to give the hydridorhodathiaborane, [8,8,8- (H)(PPh 3 ) 2 -9-(NC 5 H 5 )-nido-8,7-RhSB 9 H 9 ] (2), can extended to the 2-, 3-and 4-methylpyridine isomers, affording in good yields the corresponding picoline-ligated hydridorhodathiaboranes, 3-
5.
These results illustrate the scope of this reaction that, in principle, can be carried out with a vast number of N-heterocyclic ligands.
The 3-and 4-picoline-ligated hydrides (4 and 5) exhibit a thermal stability toward dehydrogenation and nido-closo structural transformation that is similar to the pyridine counterpart, 2. However, the 2-picoline analog loses hydrogen significantly faster.
The reactions of picoline-ligated hydridorhodathiaboranes (3-5) with C 2 H 4 and CO in this report resemble those found for the pyridine analog, 2, giving products of ligand substitution and cluster dehydrogenation (12) (13) (14) (15) (16) (17) (18) (19) . These reactions nicely illustrate the structural flexibility and chemical tunability of these 11-vertex clusters and demonstre that the parent rhodathiaborane, [8, ) 2 -nido-8,7-RhSB 9 H 10 ] (1), first reported in 1990, 4 is actually a rich source of organometallic chemistry.
The study of the reactions between the hydridorhodathiaboranes and CO at low temperatures has allowed the identification of intermediates that have provided new insights into the loss of hydrogen from the clusters. Upon the substitution of one of the PPh 3 ligands by CO, the clusters become more reactive, undergoing, at low temperature, intramolecular as well as intermolecular exchange processes that are a consequence of the increased cluster non-rigidity. The dynamic behavior observed for the 2-picoline system is different to that of the pyridine, 3-and 4-picoline systems, with DFT calculations supporting the proposition that the difference in cluster fluxionality may be attributed to the steric effect of the methyl group of the 2-methyl-pyridine substituent. The intramolecular exchange between the hydride ligand and the BHB bridging hydrogen atom found at low temperatures for the 2-picoline system is also relevant here because it should involve a transition state in which the two hydrogen atoms reach a close proximity in the cluster, representing therefore, a crucial step towards hydrogen loss. Although the detailed mechanism is unclear, the formation of Rh( 2 -H 2 ) intermediates could facilitate the exchange of the hydrogen atoms at low temperatures. In this regard, we have recently reported that dihydrogen activation on a carbene-ligated rhodathiaborane takes place through structural transformations of the cluster, involving the formation of dihydrogen-ligated intermediates. 7 For the carbonyl intermediates, the final release could occur similarly via H 2 coordination to the rhodium centre. (2), [8,8,8-(H) (4 ) and [8,8,8-(H) Assig. Assig. Rh(1)-S(2) 2.3997 (14) 2.3885 (14) 2.3841(9) 2.3826 (11) Rh (1) (11) Rh (1) (11) Rh(1)-B(3) 2.085(6) 2.119 (7) 2.087 (4) 2.067 (4) Rh (1)-B4) 2.400(6) 2.435 (7) 2.401 (4) 2.362 (5) Rh (1)-B (5) 2.562(6) 2.485 (7) 2.471 (4) 2.487 (5) Rh (1)-B(6) 2.344(6) 2.364 (7) 2.380 (4) 2.333 (4) Rh (1)-B (7) 2.387(6) 2.372 (7) 2.354 (4) 2.409 (5) S(2)-B (4) 1.918(6) 1.934 (8) 1.953 (4) 1.932 (5) S(2)-B (5) 1.956(6) 1.921 (7) 1.937 (4) 1.969 (5) S(2)-B (8) 1.989(6) 2.001 (7) 1.999 (5) 1.989 (5) N-B(3) 1.532 (8) 1.556 (7) 1.546 (5) 1.541 (5) B ( (17) 112.83 (19) 114.79 (11) 116.40 (12) P(2)-Rh (1) 
Experimental Section
General Considerations: All reactions were carried out under an argon atmosphere using standard Schlenk-line techniques. Solvents were obtained from an Innovative Technology Solvent Purification System. All commercial reagents were used as received without further purification. The rhodathiaboranes [8, ) 2 -nido-8,7-RhSB 9 H 10 ] (1) was prepared by published methods. data were recorded on a VG Autospec double focusing mass spectrometer, on a microflex MALDI-TOF, and on a ESQUIRE 3000+ API-TRAP, operating in either positive or negative modes. In each case there was an excellent correspondence between the calculated and measured isotopomer envelopes.
A well-matched isotope pattern may be taken as a good criterion of identity.
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GC analyses were performed either on a Hewlett-Packard HP 5890 Series II gas chromatograph X-ray structure analysis of crystals 4, 5 and 9: Crystals were grown by slow diffusion of hexane into dichloromethane solutions. In all cases, the crystals were coated with perfluoropolyether, mounted on a glass fiber and fixed in a cold nitrogen stream (T = 100(2) K) to the goinometer head. Data collection were performed on a Bruker Kappa APEX DUO CCD area detector diffractometer with monochromatic radiation (Mo  ) = 0.7107073 Å, using narrow frames (0.3 in ). The data were reduced (SAINT) 28 and corrected for absorption effects by multiscan methods (SADABS). 29 The structure was solved using the SHELXS-86 program, 30 and refined against all F 2 data by full-matrix least-squares techniques (SHELXL-97). 31 All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were included in calculated positions and refined with a positional and thermal riding model.
Calculations
All DFT calculations were performed using the Gaussian 09 package. 32 Structures were initially optimized using standard methods with the STO-3G* basis-sets for C, B, P, S, and H with the LANL2DZ basis-set for the rhodium atom. The final optimizations, including frequency analyses to confirm the true minima, were performed using B3LYP methodology, with the 6-31G* and LANL2DZ
basis-sets. The GIAO nuclear shielding calculations were performed on the final optimized geometries, and computed 11 B shielding values were related to chemical shifts by comparison with the computed value for B 2 H 6 , which was taken to be δ ( 58.65; H, 5.51; N, 1.63; S, 3.73. Found: C, 58.23; H, 5.41; N, 1.25; S, 3.98 5.23; N, 1.48; S, 3.39. Found: C, 54.18; H, 5.48; N, 1.46; S, 3.41 Ethylene-ligated closo-rhodathioboranes (13-15). As a general procedure, 100 mg of the corresponding hydridorhodathiaborane, [8, 8, ) 2 H-9-(L)-nido-8,7-RhSB 9 H 9 ], where L= 2-Me- After three freeze-thaw cycles, a balloon containing ethylene was attached to the Schlenk tube, and the rhodathiaborane solution exposed to the gas. The system was stirred at room temperature. After a variable length of time, the reaction mixture was concentrated by solvent evaporation under vacuum, and hexane was added to produce an orange-red precipitate, which was washed several times with hexane. The solid was crystallized from CH 2 Cl 2 /hexane to isolate the respective ethylene-ligated 
CO-ligated closo-rhodathioboranes (17-19)
The procedure was the same as that for ethylene, but using a CO filled balloon. 
Reactions with carbon monoxide: characterization of intermediates
Carbon monoxide was bubbled for several minutes (3 to 9) through a CD 2 Cl 2 solution of the corresponding nido-hydridorhodathiaborane, 2-5, in a 5 mm NMR tube at room temperature. The sample was subsequently cooled to -50 ºC in an isopropanol bath, and transferred to an NMR spectrometer in which the temperature of the probe was set to -50 ºC. The system was studied at different temperatures, allowing the identification of the different intermediates that form before hydrogen loss occurs to yield the above described CO-ligated closo-clusters, 16-19. The following are the NMR data for the reaction mixtures that contain the labile new species. Spectra can be seen in the main text as well the supplementary material of this paper.
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